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The purpose of this study was to test the feasibility of neodymium-
yttrium-aluminum-garnet (Nd-YAG) laser photocoagulation of 
the atrioventricular (A V) node to control the ventricular rate 
during rapid atrial rhythms without creating A V block. In 12 dogs 
on normothermic cardiopulmonary bypass, short laser pulses 
were delivered to an area between the coronary sinus orifice and 
the site of the most proximally recorded His deflection until second 
degree A V block occurred at a paced atrial rate of 200 beats/min. 
Long-term effects on A V node function were followed up for 3 
months. Three animals developed chronic high grade A V block. 
In nine animals with preserved 1:1 conduction, the mean (±SEM) 
critical atrial cycle length resulting in AV node Wenckebach 
periodicity increased from 183 ± 6 to 261 ± 24 ms (+43%), the 
mean RR interval during induced atrial fibrillation increased from 
248 ± 14 to 330 ± 27 ms (+32%) and the shortest RR interval 
Atrial tachyarrhythmias may be refractory to pharmacologic 
therapy because of drug inefficacy, noncompliance or limit-
ing side effects (1-4). A large body of experimental (5-7) and 
clinical (2,5,8-13) data suggest that chronic uncontrolled 
tachycardias lead to hemodynamic impairment, congestive 
heart failure and occasionally frank cardiomyopathy (14). 
Over the last 15 years, several surgical techniques have been 
devised to exclude the anatomic substrate of focal atrial 
tachycardias (15-19). The more common form of refractory 
supraventricular tachyarrhythmias associated with chronic 
atrial fibrillationlflutter can be treated by surgical dissection 
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during atrial fibrillation increased from 215 ± 11 to 275 ± 20 ms 
(+28%). Laser effects were not reversed by isoproterenol infu-
sion. Histologic examination of the irradiated area showed fibrotic 
changes in the A V node and fatty metamorphosis. 
This study suggests that 1) graded Nd-YAG laser photocoag-
ulation of the A V node region in dogs results in long-term 
modification of anterograde A V node transmission properties; 
2) 1:1 conduction during sinus rhythm usually remains preserved, 
but ventricular rate during rapid atrial rhythms is chronically 
reduced; and 3) progression to high grade A V block occurs in a 
minority of animals. Laser modification of the A V node could 
become a form of nonpharmacologic heart rate control in patients 
with disabling atrial tachyarrhythmias. 
() Am Coil CardioI1991;17:797-804) 
or cryoablation of the atrioventricular (AV) node-His bundle 
and subsequent pacemaker implantation (20,21). More re-
cently, a closed chest technique for electrical catheter abla-
tion of the His bundle has been introduced (22,23). This 
procedure is also usually followed by complete A V block 
and thus necessitates implantation of a permanent pace-
maker. 
Experimental and clinical studies using surgical dissec-
tion (24,25), electrical shock ablation (26,27), cryosurgery 
(28-31), radiofrequency current (32-34) and transcatheter 
delivery of argon laser (35) have been performed by several 
investigators with the hope of finding a method that would 
modify the functional properties of the A V node without 
totally interrupting A V conduction. Encouraging experimen-
tal and clinical results have been reported (28,29) primarily 
with intraoperative cryoablation of peri-A V node tissue for 
control of A V node reentrant tachycardia. This technique, 
however, does not induce a long-term increase in AV node 
filtering properties and is therefore inadequate for limiting 
the ventricular rate during atrial tachycardias (28,29). On the 
basis of our favorable experience with intraoperative laser 
treatment of ventricular tachycardia (36,37) and experimen-
tal laser modification of sinus node function (38), neody-
mium-yttrium-aluminum-garnet (Nd-YAG) laser photocoag-
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ulation of the A V node seemed to be a promising technique 
for delivering controlled damage to the A V node without 
insulting its structural integrity. The purpose of this experi-
mental study was to test the feasibility of intraoperative 
Nd-Y AG laser photocoagulation of the A V node to chroni-
cally dampen the ventricular response rate to rapid atrial 
rhythms without creating A V block. 
Methods 
Study animals. Sixteen healthy mongrel dogs of both 
genders weighing 21 to 41 kg were included in the study. All 
animals underwent the same series of preoperative and 
postoperative testing. Group I included 12 dogs with intra-
operative Nd-YAG laser photo ablation of the AV node. 
whereas 4 dogs (group 2) underwent a sham procedure. Dogs 
were followed up for 3 months after surgery. All interven-
tions performed in this study conformed with the appropriate 
institutional guidelines and the Position of the American 
Heart Association on Research Animal Use adopted No-
vember 11, 1984. 
Surgical procedure. The dogs were anesthetized with 
intravenous sodium pentobarbital (30 mg/kg body weight) 
and ventilated by a volume-controlled respirator (Servo 
Ventilator, Siemens-Elema). A right thoracotomy was per-
formed in the fourth or fifth intercostal space. The heart was 
suspended in a pericardial cradle. Quadripolar plaque elec-
trodes for pacing and recording were sewn on the right atrial 
appendage and anterior surface of the right ventricle. After 
heparinization, the dogs were placed on normothermic car-
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Figure 1. Operative field. A VN (dotted line) = 
presumed site of the atrioventricular node; BH 
(broken line) = electrically mapped course of 
the bundle of His; CS = coronary sinus orifice; 
LF = laser fiber; MP = mapping probe; RA = 
right atrium; RV = right ventricle; IT = tendon 
of Todaro; TV = septal leaflet of tricuspid 
valve. 
diopulmonary bypass using a Sarns heart-lung machine and 
Bentley pediatric oxygenators. A right atriotomy was per-
formed and the coronary sinus was vented. Coronary sinus 
venting did not result in a change in A V node transmission 
properties. The His bundle was electrically identified above 
the base of the septal leaflet of the tricuspid valve with use of 
a 5 mm hand-held bipolar probe with an interelectrode 
distance of 2 mm and was traced to its most proximal end 
until the His bundle deflection between the atrial and ven-
tricular electrograms was no longer inscribed (Fig. 1). This 
usually occurred 10 to 15 mm in front of the coronary sinus 
orifice. 
Lasing was performed by using a continuous wave Nd-
Y AG laser (MediLas II. MBB-Medizintechnik) coupled to a 
600 J.Lm gas-cooled silica quartz fiber with an irradiating spot 
size of <5 mm. Laser power emitted at the tip of the fiber 
was set at 20 W. Lasing was performed during atrial pacing 
at a cycle length of 300 ms. A short (I to 2 s) laser pulse was 
initially directed to the area immediately in front of the 
coronary sinus orifice; the laser beam was then gradually 
moved toward the mapping probe overlying the most prox-
imally recorded His deflection until prolongation of the atrial 
to His (AH) interval was observed. At this site, several short 
(l to 3 s) pulses of laser energy were delivered. The end point 
of lasing was acute development of second degree A V node 
block at a paced atrial cycle length of 300 ms. In group 2 
(control dogs), a similar procedure including cardiopulmo-
nary bypass, atriotomy and His bundle mapping was per-
formed without lasing. 
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Electropharmacologic testing. Electrophysiologic and 
pharmacologic testing of anterograde A V node transmission 
properties was performed under sodium pentobarbital anes-
thesia before surgery and at I week, I month and 3 months 
after the laser procedure. Two 6F quadripolar electrode 
catheters with 6 mm interelectrode distances were intro-
duced with the Seldinger technique through femoral veins 
and were advanced under fluoroscopic control to the high 
right atrium and His bundle area for pacing and recording 
local bipolar electrograms. Surface electrocardiographic 
(ECG) leads II and III and bipolar right atrial and His bundle 
electrograms were simultaneously displayed on a multichan-
nel oscilloscope and recorded by an ink-jet recorder (Sie-
mens Mingograf, Siemens-Elema AB) at paper speeds of 100 
and 250 mmls. Band pass filters of 0.15 to 30 Hz and 50 to 
1,000 Hz were used for the surface ECG and intracardiac 
bipolar electrograms, respectively. The AV node conduction 
intervals (AH intervals) were measured from the first sharp 
component of the low right atrial electrogram to the first 
sharp component of the His bundle electrogram in the His 
bundle lead. 
Right atrial pacing was performed by cycle lengths 
decrementing in 10 ms steps until second degree A V node 
block developed; this cycle length was called the "Wenck-
ebach cycle length." The A V node refractory period mea-
surements were performed by programmed right atrial stim-
ulation at paced cycle lengths of 350 and 300 ms. Atrial 
fibrillation was induced by atrial burst pacing. The mean RR 
interval during induced atrial fibrillation was determined 
from 10 consecutive ventricular cycles or, in cases of shorter 
runs of nonsustained atrial fibrillation, from the longest run 
of the arrhythmia. The shortest ventricular cycle was also 
measured. Conduction interval measurements, Wenckebach 
cycle length determinations and analyses of mean and short-
est RR intervals during induced atrial fibrillation were re-
peated during intravenous infusion of isoproterenol (4 JLgl 
min) and propranolol (0.5 mglkg 15 min later). Conduction 
interval and refractory period measurements were per-
formed at 250 mmls paper speed and were accurate to 2 ms. 
Measurements of mean and shortest ventricular cycles dur-
ing induced atrial fibrillation were performed at 100 mmls 
and were accurate to 5 ms. 
Histology. The heart was removed and morphologic stud-
ies were performed at 3 months after the laser procedure. 
Eight hearts from group I dogs were examined. A block 
containing the approaches to the AV node, the AV node, the 
penetrating part of the His bundle, the branching part of the 
His bundle and the beginning of the bundle branches up to 
the level of the moderator band was taken and serially 
sectioned. Every 20th section was retained and stained 
alternately with hematoxylin-eosin and Weigert-van Gieson 
stains. In this manner, a mean of 517 sections were examined 
from each heart. 
Statistical methods. Data were expressed as mean values 
± SEM. Student's paired t test was used to compare 
preoperative and postoperative measurements of A V node 
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Figure 2. Gradual development of atrioventricular (A V) node 
Wenckebach periodicity with neodymium-yttrium-aluminum-garnet 
(Nd-Y AG) laser photocoagulation (LPC) of the A V node. A, Before 
lasing. B, During lasing with 200 joules total energy. C, During lasing 
with 400 joules total energy. A = low right atrial deflection; A-H = 
AV nodal conduction time; BH = bundle of His lead; H = His 
bundle deflection; CL = cycle length of right atrial stimulation; RA 
= right atrial deflection; RAA = right atrial appendage lead; St = 
stimulus artifact; V = local ventricular electrogram; II and III = 
surface electrocardiographic leads II and III. Time intervals are 
expressed in milliseconds. 
function; Student's t test for unpaired data was used to 
compare measurements between groups 1 and 2. Correlation 
among various laser-induced changes in A V node electro-
physiologic properties in group 1 was estimated by linear 
regression. In all statistical tests, a significance level of p = 
0.05 was used. 
Results 
Acute effects of lasing. During atrial pacing at a cycle 
length of 300 ms, acute development of AV node Wencke-
bach periodicity was achieved by laser photocoagulation in 
all 12 dogs in group 1. Two types of immediate responses to 
lasing were observed. In 5 of the 12 dogs, there was a gradual 
increase in A V node conduction intervals with increasing 
amounts of energy and the transition to second degree A V 
node block was also gradual (Fig. 2). In seven dogs, laser 
photocoagulation was associated with a temporary (1 to 3 s) 
abbreviation of the AH intervals followed by AH prolonga-
tion. Second degree block in these animals occurred 1 to 5 s 
after discontinuation of lasing. In five of these seven dogs, 
second degree A V block progressed to high grade A V block 
that was terminated by a conducted beat or a narrow QRS 
escape rhythm. The A V node conduction gradually returned 
to normal within 5 to 25 s in all. 
After closure of the atriotomy, the critical atrial cycle 
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length resulting in AV node Wenckebach periodicity was 
again determined. This "immediate" postlasing Wencke-
bach cycle length measured 305 ± 17 ms (range 200 to 460), 
71% longer than the preoperative Wenckebach cycle length 
that measured 178 ± 6 ms (p < 0.001). Lasing time (9 to 
360 s) and the amount of total laser energy delivered varied 
to a great extent in individual experiments. This was due to 
the fact that observation of the acute effects of photocoagu-
lation on AH intervals was one factor used to localize the 
A V node. This way, the total amount of laser energy 
delivered did not reflect the energy applied to the A V node 
region itself. 
Electrophysiologic and pharmacologic follow-up. By 1 
week after surgery, 3 of the 12 dogs in group 1 developed 
high grade or complete A V block with A V junctional or 
ventricular escape rhythms. In the nine dogs in group 1 and 
all four dogs in group 2 (control), 1: 1 conduction during sinus 
rhythm was maintained. Anterograde A V node transmission 
properties in the nine dogs in group 1 with preserved A V 
node conduction were chronically followed up for 3 months 
and were compared with those of the control group (Fig. 3). 
The A V node conduction time (AH interval) increased from 
51 ± 17 ms before operation to 150 ± 21.5 ms by 1 week 
(+ 194%; p < 0.001) and to 119 ± 9.7 ms by 3 months 
(+ 133%; p < 0.001). His-Purkinje conduction time (HV 
interval) remained unchanged. The critical atrial pacing 
cycle length resulting in A V node Wenckebach periodicity 
increased from 183 ± 6 to 261 ± 24 ms by 3 months (+43%; 
p < 0.02); practically all change took place during the 1st 
postoperative week. The mean ventricular cycle length 
during induced atrial fibrillation in the laser-treated dogs 
increased from 248 ± 14 to 330 ± 27 ms (+ 32%; p < 0.05) 
and the shortest RR intervals during atrial fibrillation in-
creased from 215 ± 11 to 275 ± 20 ms (+28%; p < 0.05). 
When the ventricular response rates to induced atrial fibril-
lation were tested during isoproterenol infusion, a 42% 
increase in both the mean and shortest ventricular cycle 
length was found at 3 months in group 1. After administra-
tion of propranolol, the mean and shortest RR intervals 
during atrial fibrillation increased by 50% and 51 %, respec-
tively, at 3 months after operation. All the electrophysiologic 
characteristics of anterograde A V node transmission prop-
erties remained unchanged in group 2 (control dogs) (Fig. 3). 
At the 3 month restudy, each of the functional properties 
of the A V node represented in Figure 3 differed significantly 
between groups 1 and 2. In all but one group 1 dog before 
surgery, atrial refractoriness limited assessment of the A V 
node effective refractory period. During the 3 month 
follow-up study, A V node effective refractory period could 
be estimated in four animals. Interestingly, despite the 
marked changes in A V node transmission properties found 
during atrial pacing and induced atrial fibrillation, A V node 
lasing resulted in only a nonsignificant increase in the A V 
node functional refractory period from 238 ± 9 ms before 
operation to 268 ± 20 ms at 3 months. Representative 
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Figure 3. Summary of preoperative and postoperative electrophys-
iologic testing in the study group (n = 9) (closed circles) versus 
control group (n = 4) (open circles). AF = induced atrial fibrillation; 
A-H = atrial to His bundle; isoprot. = during isoproterenol infusion; 
mean RR = mean RR interval during induced atrial fibrillation; 
min. RR = shortest RR interval during induced atrial fibrillation; 
propra. = after propranolol administration. "0" values on the 
horizontal axis represent preoperative measures. 
preoperative and 3 month postoperative A V node conduc-
tion curves are illustrated in Figure 4. 
Interrelations of variables of AV node function. We retro-
spectively searched for correlation between prolongation of 
the A V node conduction time at 3 months and changes in 
other electrophysiologic characteristics of the A V node that 
are more intimately related to its transmission properties. 
No significant linear correlation was found between laser-
induced prolongation of the AH intervals and prolongation 
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Figure 4. Representative preoperative (PRE-OP) (triangles) and 3 
month postoperative (POST-OP) (squares) atrioventricular (A V) 
node conduction curves in a study group dog. Note an increase in 
A V node conduction time and functional refractory period (FRP). 
CL = cycle length. 
of A V node functional refractory period, Wenckebach cycle 
length and mean RR interval during induced atrial fibrilla-
tion. On the contrary, there were several experiments where 
A V node laser photocoagulation resulted in a marked in-
crease in the A V node conduction time but only a mild to 
moderate increase in the A V node filtering properties and 
vice versa. Changes in conduction time and refractoriness 
did not seem to be interrelated. 
Pathology. All hearts revealed a thickened, whitened 
plaque that extended from the anulus of the medialleaftet of 
the tricuspid valve to the mouth of the coronary sinus, 
involving the coronary sinus area and the distal part of the 
atrial septum (Fig. 5A). Surface measurements of the thick-
ened area ranged from OJ x 0.4 to 1.5 x 1.5 cm. In some, 
the thickening was quite irregular and almost cartilaginous. 
Aside from these findings, there were no perforations in the 
hearts. 
The histologic findings may be summarized as follows. 
The atrial septum showed fibrosis and cartilage formation. 
The approaches to the A V node revealed fatty metamorpho-
sis. The A V node was tenuously connected to the surround-
ing atrial musculature in all cases. In some cases, the AV 
node was divided into two components, a more proximal 
head and distal tail-end, showing varying degrees of fatty 
metamorphosis and fibrosis (Fig. 5B). The node as it formed 
the penetrating bundle revealed fibrosis and fatty metamor-
phosis. 
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Discussion 
This study shows that modification of anterograde A V 
node transmission properties with intraoperative neody-
mium-yttrium-aluminum-garnet (Nd-YAG) laser irradiation 
of the A V node region is feasible. When the technique is 
applied cautiously, the majority of animals do not develop 
complete A V block and do maintain a normal ventricular 
response rate during regular sinus rhythm. The ventricular 
response rate to induced atrial fibrillation, however, is 
significantly blunted. The results are long-lasting. Adminis-
tration of isoproterenol does not reverse the laser effect. 
Background. Until recently, intraoperative or transcath-
eter ablation of the AV node-His bundle was the accepted 
procedure for drug-resistant cases of chronic symptomatic 
supraventricular tachycardias (3,5,20-23). These interven-
tions are usually followed by development of third degree 
AV block. Ideally, modification of AV conduction is more 
desirable because it may alleviate the need for implantation 
of a permanent pacemaker (4). Experimental and clinical 
studies using operative dissection (24,25), cryosurgery (28-
31), electrical shock ablation (26,27), radiofrequency current 
(32-34) and transcatheter delivery of argon laser (35) have 
been performed by several investigators with the hope of 
finding a method to modify the functional properties of the 
A V node without totally interrupting A V conduction. En-
couraging results have been reported (24-31) primarily in 
patients with A V node reentrant paroxysmal supraventricu-
lar tachycardia where anterograde or retrograde modifica-
tion of the A V conduction system was curative in a large 
number of cases. In the most frequent form of supraventric-
ular tachyarrhythmias (that is, atrial fibrillation/flutter with 
rapid ventricular response), the purpose of AV node modi-
fication is to dampen the ventricular response rate to rapid 
atrial rhythms. Our study was designed to evaluate this 
important and less well understood aspect of conduction 
system modification. 
Nd-YAG laser versus other ablation techniques. In terms 
of partial AV node ablation, Nd-YAG laser photocoagula-
tion offers distinct advantages over other surgical, electrical 
and thermal ablation methods (39). With the Nd-YAG laser, 
graded depths of photocoagulation can be achieved without 
disruption of anatomic integrity. This is a highly directional 
technique and therefore can be applied to small structures in 
a discriminate manner. More important, lasing can be per-
formed in the normothermic beating heart, which allows 
immediate verification of treatment efficacy. These charac-
teristics of Nd-Y AG lasing are especially important for a 
small structure like the A V node, whose precise anatomic-
electrophysiologic localization is problematic. In our stud-
ies, prolongation of the AH interval with short laser pulses 
was an important element in establishing the best site of 
energy delivery, and the amount of lasing at this site was 
gated by observing the gradual development of second 
degree A V node block at a paced atrial rate of 200 beats/min. 
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Figure 5. Pathology of the atrioventricular (A V) node region 3 
months after laser photocoagulation. A, Right atrial (RA) and right 
ventricular (RV) view of the heart. Arrow points to the AV node 
area showing marked thickening. TV = tricuspid valve. B, Photo-
micrograph showing the effects of laser on the A V node (N) and the 
surrounding myocardium and connection of the A V node to atrial 
(At) musculature. Cartilage of the endocardium of the right atrium 
(CEA) and on top of the ventricular septum (VSC) squeezes the A V 
node. Arrow points to the laser involvement at the midpart of the 
A V node, dividing the node into two components-a more proximal 
or the head part between the fatty (F) tissue and distal or the tail end 
between the atrial muscle. Hematoxylin-eosin stain (x30). 
Such a graded response cannot be achieved by surgical 
dissection or electric shock ablation. 
Intraoperative versus transcatheter techniques. In our ex-
periments, localization and laser photocoagulation of the AV 
node was performed under visual control. This approach 
helped eliminate some of the uncertainties associated with 
transcatheter delivery of a new ablation technique to the 
conduction system of the heart. In short-term pilot studies 
performed before the present experimental series, the laser 
beam was simply aimed at an area immediately posterior to 
B 
..... 
VSC 
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CEA 
the His bundle. In a number of cases, third degree His 
bundle block with a slow ventricular escape rhythm oc-
curred during lasing. In the present series, therefore, the 
mapping probe was continuously kept on the most proximal 
portion of the His bundle during lasing, thereby "shielding" 
the His bundle from the laser light. Moreover, lasing was 
initially directed to a site distant from the mapping probe, 
closer to the orifice of the coronary sinus, and was then 
gradually advanced in the direction of the probe until the 
laser effects on A V conduction were observed. By imple-
menting this very cautious step by step approach, acute 
development of third degree A V block could be completely 
avoided. Our intraoperative observations suggest that accu-
rate delivery of small amounts of laser energy to precisely 
defined areas is critical to avoid His bundle block. Although 
a larger A V node-His bundle junction area in the human 
heart might allow a more liberal handling of the A V node in 
humans, a certain percent of complete A V block is antici-
pated if a transcatheter approach is to be utilized. 
A V node reentrant tachycardia versus atrial fibrillation. 
Recent reports (24-31) have shown that surgical dissection, 
cryoablation or electrical shock ablation of peri nodal right 
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atrial tissue will allow the control of tachycardia without 
disruption of A V conduction in patients with A V node reen-
trant tachycardia. The exact mechanism of tachycardia control 
in these cases is not well understood. Our study with intraop-
erative use of Nd-YAG laser photocoagulation was aimed at a 
different potential group of patients (namely, patients with 
chronic atrial fibrillation/flutter and uncontrolled ventricular 
response) (33). To this end, currently employed investigational 
A V node modification procedures have not been uniformly 
successful because some (40) resulted in a high incidence of 
chronic complete heart block, whereas others (41) caused a 
decrease rather than an increase in the A V node refractory 
period. Cryoablation of periatrioventricular node tissue suc-
cessfully controlled A V node reentrant tachycardia but did not 
result in a reduced ventricular response rate to rapid atrial 
rhythms (28,29). In our experiments with laser photoablation, 
however, the filtering properties of the AV node were uni-
formly increased and only three of the experimental animals 
developed chronic high grade A V block. 
Electrophysiologic-histologic correlations. In the eight lased 
hearts undergoing detailed histologic evaluation, varying de-
grees and occasionally severe pathologic changes were found, 
extending from the atrial septal approaches to the A V node 
down to the branching portion of the His bundle. Amazingly, 
1: 1 conduction during sinus rhythm with normal His-Purkinje 
conduction was maintained in each of these cases, suggesting a 
considerable margin of safety within the entire A V conduction 
system. In those experiments showing a larger increase in the 
"filtering" properties of the AV node compared with AV node 
conduction time (long Wenckebach cycle lengths and long RR 
intervals during induced atrial fibrillation versus only a mild 
increase in the AH intervals), there was more pathologic 
involvement of the atrial septum and the approaches to the A V 
node and less involvement of the compact A V node. Con-
versely, whenever there was significant increase in the A V 
node conduction time, marked pathologic changes were found 
both at the approaches to the A V node and in the A V node 
itself. Accurate interpretation of these data requires more 
experiments with less extensive laser damage delivered to 
specific areas within the conduction system. 
Conclusions. This study shows that 1) anatomically and 
electrophysiologically guided graded intraoperative Nd-
Y AG laser photocoagulation of the A V node results in a 
blunted response to rapid atrial rates; 2) in the majority of 
cases, 1: 1 conduction during normal sinus rhythm remains 
preserved; and 3) the effects are long-lasting. This intraop-
erative technique could replace surgical dissection or cryo-
surgical ablation of the His bundle in symptomatic patients 
with uncontrolled tachyarrhythmias undergoing surgery for 
atherosclerotic or rheumatic heart disease (20,21). 
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